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GRAIN DONDANY D IWION IN OZIKI AUl) ITS COWTIBUTIONI
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A. Atkimns

Abstract

1xperiLiental data for the preferential diffusion of species a!ong grain
boundaries in oxides, feleveant to oxidation film, are briefly reviewed and
discussed in term of the likely atomistic processes responasible for
diffusion.

The data are then us d to assoss the contributton of grain boundary
diffusion to oxidation processes such as file growth, the distribution of
impurities and the lr.flueuce of impurities on film growth the oxidation
of nickel based system (NI, Ni-T, Ni-Ce0 2 , Ni-Cr).
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Grain boudariesan dislocations we potemitial routes fee rapid (or
sarertciftsit) diffuioni In scyntallisem materials because there is usually
grcatter dismrde is the uanzgwmet of &ton within these rgisms than in
the bulk lattice. (CaMe'orvly, tn materials wkick have %4hly disordered
bulk latticess grain haemiuies &%4 diulocations will not askance

1; Idee, thy m even e iv t .) The rea ivImportance of

he greater for lawer temeratures, smalle grain saLe and material. which
tami to contain low eemeestratems af lattice defects. Ithem. cam~itt are
all found in aside filmus growing sm *t'rosion resistant alluys I% service
canditiema. It is theoirem to he expected that many of t.he hey processes
which involve material tuamu'wt in onide filw will be centrellod by horwt-
cireuit diffusion alang grain boundaries mnder dislocations. k

The seat Mbvious prsO" whis? If likely to he cotrtolled by short-
circuit diffuioni is the raft at which Ow saside file gram. by msate laoa
diffusing Outwards Swag aSide Lose diff~unif iuwards. but.* therft are
"sveral otber Important processes taking plean duing oisidatimn which
involve noatrial tramport and they awe all gpotentially iaterdspendent. rot
example, the Wassaeotrses in the file will depemd an the film -owth
meehamiam which wiL in turn 6mpeed am the .iersttucture. Ibis
paaticulauly so is alloy amidatiom abrs the loastiom of alloying olumats.
which cao inf luence diffusioman amide evou in~se,. is coutrolled, by the
diffusion of the allaying elements is the aside 91lm. The generation of
3tzeos in a growing file many also he Liffusiam controlled, e.$. by the
reaction of aetal Innse a *aside tons diffusing in omppesite directicons
Vituis t1-.2 film. The reopamm of the file to thwas alresseo can alse he
datornimed hy ~tffusimeonosta'.lled ceve" procesoses. Finally, the ability of
an amide f Ile to protect the metal from attack by mewe ag~reosive
cantitutont Im the environment (e.g. sulphur) May also he determined by
diffusion.

In o-dor ts assess the ceutributiou that short-circuit diffusion can
Maue to such processes it is clearly mact esery to know the kamiptude rf goma
key short-circuit diffusion coefficients a.d hew they say be Influenced by
other parameters. to particular. It would he awoful to knew the short-
circuit diffusion coefficiwats of evmamtale and anygen in iq'srtant
asides, bahw they ere Influened by impuritas and what atomic processes are
responsible. Some of these goals have new been achieved for MO.O which to a
convenient Model mates .l4 for asides Which grew as corroeltoo-remsI*tent
film . The &im of this paper if to sho bow such am approach can be wsed to
try and Improve umiesateading of som oxidation processes. we rirst survey
briefly what is curruntly brownshout short-circuit diffusion (self
difftaien. iOPuritY etlf?ýJIAn and influence of ispuritias) In oxides and
than we apply this I. &Ame evidatiom procosse. involving HiO. Those are
growth rats of NIO filma, irekzth rate anW microetructure of HI0 &A, r.o -
coanted Pi and the asidetion rate mod sicroetructure of dilute Ni-Cr eni Ni-Y
alloys.

Grain folodagY and Dislocation Diffusion in Oxides

kt. for self dif~usiea Along eshrt-circuits in oxides have been
reviewed in a nmber of coeeet articles (1.2.3). The available experimental
data an. met astaneive, but dhey are sufficient for san detailed
@600 1 tiam to be nodS far MiGad sod tootative goeisraliestivas extended



to .thet '~t-dges 1eta f#P' Lot& Ni .ini 0 diffelsm aloea dil.eatless and
gaft boundries to NO ane p - t A In 7a. I compard with then

Oer~wspeadlag Rattles diffueams coeffiAcients. In the Beae .1 palsre" u
dlffeeles the astuul pramwtw ineesawi eaperlmmetally in the pesiaust, 0O,*
of %te gpal.i hovmWia diffusionlom efficient aid bmudery width. Is the Beae
14 dileose~tioe It to ths "m parameter meseured for a lnw aftl hwmisq.
If tOW moo sepertiatm .1 Malmmitl Ise the low &f1e Isedwe Lee .a heem
thk~m the perasieff jjg as be dgdaad. Whet %d is do dislosatom diffeoelm
vulo~in'felt omi a Is the oifestive radlus of the dlalocatim eemomaim It to
be sproslaested sm & 6ylladcloal pipe. Far esnmtlestla &Z material
tramspert thee combied patesetuge wt. the gel weat sae. Mimmmer in
ordsge S opto e ae stsee diffm nsies fficionte the goemtries: parameers A
sad a Lieet also be measured. R3irim-to eame Ilea carried oet (3,4) to
ohtaLm a oueush estimate of 8 n a at a stag). temperature (io this case
apprealsately 40*C). 'Ibse omperlsewrts showed that both the width of the

010 1 (O "I,) a2foraw01~
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N Angle

Osegcoinn Lot
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?aimuce I - Diffamsoei cosefficiests of Ni aind 0 is the lattice, in
dilelsattlas .id &I@" Scaai hesideri o i NiO. Thm oxyges pressure was
i uts far Mi diffwilsk aind 0.2 atmi for 0. The Aistecation diamter and
Vals bowsry width hews both bees aaeeend mjeeil to I am (4,5,13.14).



grai boundary and the dtameter of thin dis location are appronimate.1y 1 on Ia
Nie. ?bua the faet-diftusivity region to gaintiLly1 confined to tko cor*
of the bo@Wdar oW diuleciatian mad so si,&aifiasent cantribution is amd by
the spau ebarge region whicih sarmnd the boundary I& ionic Sterials. In
rig. 1 it Ia" thofefrs been "*mod that J le - I on.

These dota illostv'tow several Important features of abort-circuit
diffasism. First, disilonstiew nd Srtai boundaries are wet, similar. This
Isto*0 he simpested sInc theereIcOUal medeL of grain boundary titructuxesabsow
a&sto configuationi ihich ane similar to theme predicted for isolatedl
dislosatiome tG.7). ftemed, the diffeeivities of both mistal .ini osygee r~re
enhansed in the boundary with rso"ct to the corresponding lattice
diffuseivttie, but their relative order is aisitainsed. i.e. the faster
diffuser in the hittles to alsoe the faster ine the boundry. Third, the
degree of enhanement can he vvr" great (a fretor of 10' is typpcal) mad the
activation mries for ahert-eircuit diffusion are significantly lever than
for bulk diffusion, is smeisriaed in Table 1.

Table 1. Activation c lloso W or Orais boundary

3zq'rinsat Caiculatios

NII Wifoaiom 1.78 2.56 0.70 1.6-2.2 2.9 0.3 -ý. 3

0 Difuatasn 2.3 3.6 0.43 2.3 5.3 0.47

Tho influesce of grata boundary alsarieutatitme on grain boundary
diffusioin is sot we Il-ostablilobed tn oxides (or In metals). The data for Pi
to 10iO show that there io sin differences hetwo.. 'low analsa &ad '%10h
eagle' bosoU.Cia ta" and~ o moahhad Stubicaa (6) howe that Cr diffusion in

dislocation medel Of autFA baumdaries. Kaprimeato of this type har% been

mcch mewe extensive In metals.* but have not I edOced conclusive
results (2.9). At present It appears that grain boundary diffusion in most
high eagle boundaries Is not sonsitiv,9 to boundary smiorientatiom except in
em special cases euch as the (lTl)/(0llJ coberent twin boundary in fcc
intoe).al. (to this notation the first index Is the boundary plane and the
seconid the direction about wkich the two crystals bw a been syminstrically
tilted.)

Although there are nom direct experiasunts which allow the nechanise of
grain biundery (or dislocation) dif fusion to be idestif led there is aow a
body Of indirect evidenceo, froms both experiment and the-.ry. to suppor t the
cose.ept that a poiat defect is involved which is similar to a lattice 04 fect
(e.g. vacancy or isteretitial). In 11iO, an increase io oxygen activity.

bade to an increase Is the concentration ol vacant Mi sitesi and hence

on increase is the lattice diffusion coefficient for NII. It Is also
fiund (4,11) thet grain boundary ad dislocations diffislon, of Ni in NO
asereesee is a similar way. This mey be oealained if grain bouiary
diffusion of Ni in NiO also mews by a nichel vecanc 4hose concentratiom
end mebility io greeter Is the boundary than IL the lattice. Similar

bohviw as aloe boas repored for Cr diffusion sllns dislocation* (as low.
anwle bounderies) in Cr2O3 (10).



7his essep is suppored by thertical studies of the st~ustnre aid
proeprties of oraln b"Oswvf is 310 (7,11) dad dtsloesatim in W~ (12).
fth ..alculat'ad Srstures oil the (310)/10011 369 tilt hrwftoaty is "10 to
hr shavi sbstleaIly As Fig. 2 (11). The atrusta" bas telatively spas

abhole parallel to thn tilt eatis and eaay diffusion &Is" %UiS drectius
As tbm esmaed. be, o Taeher how ealeslatad the emarisa required to

f e m d l s o u ( V W V O &j. r e d 1 ) a t v a ri u s i t e L a s i m p~ l e b s en gr e
*I this tp S fefti that (A4611 the boundaries which %boy considered

is amd the 1 e ep fesaniti .1 the degmst wihrespect to N
emeez Se itl lottiee "lost. for smole, in the cam. of the nickel

esemay Its met stable lesatie., is the hranmd.r shown In Fig. 2 Is the
site aukebs A. 7bey studied the grain hemery diffusies, process k7
"eIflsulting the beset smargy path a aISMgbbrift nickel Amn ceeld take to
@w the veesaty, to the sen ite ale" the henoidary. In this b1ejupe the
neat site In lohsll.d I3n the predicted diffusieft poth is the cua
ILlinkn A 00d S. A DWSiml JUM MWO the vacancy to the anet equivaleat A
site. Thin salselsties we seewied set toe Ni difflsate aloft fewr
diifferent boundari by. a esnals wshawsie and for 0 difiaaiae aloes a
a ingle boundary by as A -TeUsitaley meeseheu . The results aer sumrised
is Table I and esupaed, with the masured activation energies for mi ad o
grain boundary diffusiones AnWi. The agresmat hetween the nassted aad
calcoulatod values is wery peod. but my he fortuitous considering the
appee~iestiem and uncertainties Lewivaed (Particularly for 0 diffuuies).
Uawesar, he peedictod ratio of the activaties morgies for gralsa hewdary
aid lattib.. diffusion is alaso in very aSod apreemst with the onperimeatal
value for~ bath Mi and 0, and this shauld he less sensitive to error* than
the abeelcet value. Of aseecaity, the calculations were only carried out
fer a few highly symestric hemidaries aid a limted range of raesible

ra

I It~

Iiue I acltdsrcueoPh 30/01 6,*syerc!tl

boundary \" 101 Ibwm th aht sb ikl ioduigts*y
difusin pralelto he tit ais Th lo ar nt tr-on o rai-ti

relative sie(1%



diffamles paAW'u. Owu'theleow. the k*" agreement with the ainseurd
06lf-d1iffAI VtamSI Lam DWOrio ofW& me. earl ndaxise which were present ia
ame pelymntalliae sopelmmaw gI"*. *itideme in entoadi this approach to
the pwediot.We of other papeetoo af grsam boadsri.. (rach an the
behaviou ad ataegated ifopeitice)l at least at a qua litativ Iwo vel.

7bs diffusion emi Co. Cc ani Ce is fIO grini boundariee is
pelpuowtelline NO speimen. al~Ior to these mused fee oelf-dituetee
atudisee Me. ueew~ly 0"ametaj 1) Taboo. Loweta are eiutod to be ao
ahuags statts Co Of~ ind 00' and tbarefoce top eet a reasonable c~es
oactiws of Lopeity behavirow. For ovusr$.. they differ widely in their
solublity .ini earation characteristics. Ce is comletely waluble La ths
NWO lattice and absholnt es egregate approasably to greta boundaries. C.
hMe megligible lattice solubility mof will dissolve only at greai
bemibeftic. Cc folls botteo thaee entrane.* having slight lattice
seoliility and appresiishle goals bouniur seaegaties (16).

The meesourd grain baoudary diffolam cin(~fic lats ste oumer teed is
Fig. 3 together with the esrrevoodIMg lattie. diffusie coefficients where
I jpp-Late. In the same of On, At ban Loam asemed that ssgruimtIt. to tho

boundary is negligible end thot the boudary wIdttb is the ocuo s for Ni
diffusion (I.c. 1 us). Me aseumtica were nseessary w: Ce sisce it is
IeeOluhlo In the NO lattice ami therefere Its diffusli.. .mefficiozt In the
boundary Is measured direetly. For Cr the experimastt wdre analysod in a
way obich allowed the seaato and diffusion oontributions to be
sepcaratd is a oelf-coiuisatent way Cagats ~sausing S a I a). Tho dif fueion

coofiiotsare in the order %A3 ) e e bot t lattce:ad rain

negligible lstAeo solubility), which zvinioroee t~kv vieso that grain
boundary .ini lattice diffestan both tab% plow0 by a tlmilr achiaol. The
atenic characteristics that control Impurity diffueslo are mot understood
even for lattice diffusion (IT),* but Ionic cliarge ts obviously imoer Last
sleco, in gemoral. too higiner t:;* cberge on se i~om csi moreslowluy down it
tee" to diffuse..

The Ifluence of .AgEit.Aeoa felf-Ciffwige

Tbs Impurities which influence i"If-dtifuooie In the lattice &oat are
these which bows a dlffor'.mt valoecy to tee, heat ions. Thus a trivalest
substitutional i upasits !s i! divai1sat ;*set would be expected to increase the
concimtratien of w~ei .a.hiargod defects (e.g. cetios. vacancies).
L..ently, several sttswplu have ")**a made to ateay such doping effects on
grain boundary diffusion in ximeu. Cbadwick aed T,ýylor (16) measuared the
diftesiem o! Ni in M10 ra~sl bommariee dopeod with Ca imupvrities. The
pelycryetallieo specimnes; ware Produced by ecidt"'ing Ni in a similar way to
thoar) spied bT Atkinson end Taylor 0) &A wore doped by applying a CeO 2
coating to tke Ni baefre oxidationi. They (owed that the presence of Ca had
no effect om grain bouindary diffusion of Ni tracer.

Meos. at &1. (19) beve repotted sisilnr experinents performed oo
Tdod polyerwutollime NiC produced by exidising Ni-C.1 wt.% T alloy. They
concluded that the p~resence of the yttrium had no significant iowiflwence on
the grain besadary diffusion of MI. Parthermore, their results on both
unadeped ama T-ee specimens wore In Spod agreement with the earliter work
of Atkinsone and Taylor (3) an vindopod NbO.
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ft ~mblownbim ad d 4o tSe Ws to do frissism. wcgM, *b
nhot VMS a" owwweIy blemied Wo a lowsm ditfm ivity for oft thou indeod
boudaries m Lediaed to Fig. 4 ?be doat a Wim i. 4 AhM ~tCas cc et
1"Weeeeii; do dafwiwlt7 of El Ia U I laetbw (as ipeow...redfgm the
.esumpmitift 10Saem Is doe ainomssxotlu .I Ni vosoostu), *o hoege
the durvemivty ofN is t grain bovmani~om(e Clt averaeei el owe "41C).
to the list cc thoe. aqwiaemes ft tee~mi usoo.ale to question wiether
tas bhdeies is dou Ce- "dT-deped Spoesim mim wereoelly deped "e

amp"ie * F lux Oep oemn"a al. (39) gra.t thot woelpitatimi of the
T 6SPE My, beho he seemi Aw itslac 0.& CEilumuo an Srasm hmiory
41MfAcm in their experimenta.

Sm!e no1..
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Fipse 4 -The influence of Cr doping (approximately 0.1%) on the diffusion
of NIin %b e lattice and oloug grain boemderies Ini NiC. The Ni/Cr ratio on
the grein bserioa is estimated to be shoat 2% (21).

tosuams". therefe.~e It appears that cnrdtoyresuits hove been
obtained comsermimg the 1sf lummic. of higher welency cations (e.g. Cr. Y, Co)
am the grata heandiry diffusion of Ni in Hio. This Is probably due to the
difficulty in fehgicatiagspepctmrem and It may wlbethat diffusion is

-7-



bl~mcked, piravLded %be%; the Impurity cimnetrstiamto ~sufficiently higb. 'a
sme of tib. eapsaimtal stwUes roerared to bo-m ibia It boom possible to
directly memorre the concentration of dop'ent at the boundary. Sewever. isA
tbo coop of Cc the come~trat ion can 1ýe imferroe4 fr'us the balk conentration
&-ad the heiw aegregetles &A irtIieat of Cr (13,16) e~ the Olwaprature at~
wt+ich the speclomm wer ta~crieted (l11"C). 0& O 3 Seasi the Cr/MI ratio
I& the booodsorise ia thame experiments toe mtl Wd to bo absit 2%. Ms~
vMW appersst:7 arfflelkaet W block Ni diffuslie, Of flow It doew as
ftdiested in PIS. 4.

The wmchanesa by tobich a cation inr-itity 4I~th a .hi rge greater than the
best .ation acm increass lattice diffusios of the bost but decrease grain
boundary diffuelos cam be vualitatively understood with guidance from the
modo1lim studies Dotty isad Tanker (11) havo modelled the behaviour of
substitutional C04 Ices& In t~s (310)/10011 tilt boundary in NbO. They
predict that although the Ce o-- I= ill be compensated by an increased
no ce~tratiou of nickel vacancies there are strong interacti'm3s between
too"e op?omitisl? cfiavged defects in the boundary which favour the formation
of (Ce, 1  Vill pairs and larger ordered strays of defects. The
activeanlosnamrly for the Ce aOW vs4ancy to excaange is esttimated to ba
3.0 eV wtereas that for ASi'vacency exchinge in the sames boundary is
estloosted to be 1.56 eV. This diffoteasce Is In agreement with the
experimental observation that grain boundnry dAffusivity of Ce is much less
than Mi. In a Ce-dopP4 Lwoundary the charge-compensating vacancies can only
cuntribut'a to long-rang Mi diffunion If they can migrate past the
effec..&.ely immobil. Cc los. Duffy and Tanker estimate that the energy
required to do this Is 2.55 .V which In not only greater than the Qnergy for
vacancy hopping in the umioped boundary (l.BO 0), but also groater than
that for vacancy hopping in the lattice (2.4 eV by the same calculation
imetbods). WInce the picture that emerge* Is one in which the sore highly
charged relatively immobile impurity ion has a strong attraction for
vacancies such that the easiest diffusion path past the iqrpirty is by a
detour through the lattice. This process is Illustrated schematically in
Fig. S. The conceitration of imptirity which Is required to block &raid
boundairy diffucion can bo estimated roughly as exp (-AE /WT where Alims
ths difierence between the migration energy of the varancy in the lattice
&Ad toe undoped grain boundary (I" this case about 0.5 eV). Hence, at
1000*C an ior~rity concentration of about 1% (cation fraction) vould be
expected to alock Ni diffusion In NiO grain bouwidaries. This is consistent
with the obe'irved effect of about 2% Cr-doping of NIO boundaries.

A 1'86eV V 2-5beV BA

10e
* ~Ce

C Sites

jump energies in the (310i1/031) boundary-

figure 5 - Schematic diagram illustratirSg how *a~ irpurity such as Ce" in
sabstitutlonLl sites near the boundary plane in Nio can block diffusion of
Mi at the boundary. The labels ýcrrmespond to gites in Fig. 2 and the
energies are calculated for sxcha,_, jump* with a vacancy between these
sit)% (11).



Growth Rate of 'Pars' Oxides

7Ws growth ate% Of thick Wnide film bY lattice diffesam can be related
t. tJe self-diffuais coefficients of the waide usiag Vapoer'@ electro,-
obhenal theory of saidation (22). It is fesmd In practice (23). bowever,
that the theory Is valid only for onidee that have large deviction. ft...
stoichismetry (e.g. Me. CeO) or rais Other snide. at sufficiemtly higb
tesmetur (e-g. MiO, IP020 Is mat case of techE0legIca imortsWQ
CArtesian1 is relatively Slo emuieb men eitber the Intereaist i@e I& re
refractory said.. ("~. cc;%O. At2  1203) or in leass refractory muides at
lower temperatures (ea. III Ve03-04 Fe 2 03 , CufO). Under thaea conditionis
It is found that Wagner's theory besad 0n lattico diffusion alwasy Wader-
ectimetee the owidetiou rate, smomtimm by usny orders of magnitude (23).
This Is sn important. piece of indirect evidence for the douineat role of
sbort-circuit diffuctont petbs duties the gre-.h of pure, asides. (As
alternative retionalisation could to that fast diffusion In refractOvy
meterials and at low temperatures Is c"usd by Impurities iscroa"iag lattice
diffusion. Whilst impurities miniubtedly have had so"m influesce or the
oxidation studi*3 thsy are use the mis cause oi fast diffusion because the
perest snide film grown is ntieldtion experimaent contain fewer impurities
than the oxidis is which diffusion studies have bees 4arrieiZ not). further
Indirect evidence for ahort-circuit diffusion caner grain the observation
that oxidation rate at 'low' temperature dependr on1 crystallographic
oriontatiun of the mtetl sulistrate and Its dagrce of cold working (24.25).
Such dependences are not predicted by Wagner's theory and they indicate that
the oxide svicrostrtncs'ire is influencing the diffusion of species through
It.

The measurements of grain boundary diffusion In NiG have been used (25)
to show that the oxidation of Mi at tooporatures below about 1100% is
controlled by the outward diffusior of Ni along grain botuzdaries in the Nio
file. This iosuaumerised In Fig.2 6 in which the measured parabolic rate
conptest for NI oxidation (it 6 X /t, where X Is film thickness) Is compared
with that predicted from groe! boundary diffusion data for Ni In NiG. Grain
boundary diifusion was Included i~i Wegnor's theory by using an effective
diffusion coefficient given by

o~ff 1 I

where g is the grain size Ir the oxide normal to the growth direction. Also~
Includeca In Fig. 6 is k., expected for lattice diffusion alone. It t an be
uoen that at the lower I ewarstures the =moasved k., is tyv)ically 10 times
greater than that preo-icted fron lattice diffusion, but within about a
factor of 2 of that predicted from grain boundary diffusion.

The direct cezrespondence bietween oxidation rate end grain boundary
diffusion has only been established for NIO because there are no gzain
boundary diffusion data for other relevant oxides. Nevertheless, l.n*
general conclusion my be to ?bati rlynade that the gro~.th of dlaw xrowing
crystalline oxides (k1 k 10- ca a- ) Is controlled by grain boundary
diffusion in the oxidh.

Oxidation of Ni-Y Alloys and C*07-costed Hi

Snall additions of some elements to an oxide filA are known to have
beneficial effect in increasing the an' erence of the oAide to the metal
and/or the rate of oxidation (so-callt. 'rare earth effect'). Typical
effective elenents of this type are Y and Ce; particularly in the caso of
Cr2O3 and A1203 films. Recently two studies of this phenomenon have been

-9-
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Figurea - Arrhenius plot of the parabolic rate constant for the oxidation
of NI to NiO. Solid points are directly macoured values and open points are
calculated using masued gratn boundary diffusion coefficients and grain
mines. The solid llin is the rate constant expected if lattice diffusion of
Ni is the only diffusion process contributing to oxidation (26,27.26).

Oxidation of Ni-Y AllO•a

hoona and aothetn (29) measured the rate c4 oxidation of Ni.
Wi-0.1 uct.% T and Wi-0.3 vt.% Y allrs in oxygen at a pressure of I atm and
at touperatures in the ranm 500-900'C. They found that Y increases the
oxidation rate at 00 and 600*', b.bt decreased it at 700-9000C. The main
inf lessco of Y an the olcrostructure of the NIO film vas found to be on the
grain aine of the NiO. At SO0 and 6000C Y reduced the grain size, but
lscreased the grain sine at 700-900%C. icosa and Rothman shoved that the
diffireat grain sines etre able to account for the reiative oxidation rates
of Ni cad tho Ni-Y alloys. It was not necessary to assum that Y had any
LVfluesce on grain bodandary diftuslon of Ni vhich 'is consistent vith their
diffusion maasursomnts in Y-doped HiO. Hoever, thfa behaviour is not
consistent vith the tbooretiSal modelling which suggests that a trivalent
substitutional Len such as Y in MO ahould bl,•ck grain boundary diffusion

-10-



if present an the boumdaries at sufficiently high coazontrat~em (ea.. above
about 1%). In the absence of detailed microetructural Imvestiatiedt a it Lt
not Itpown boy the T is distributed vithin the NMO film. perticularly at
grain boundaries. Tbub it iP possible to reconcile bc.b expectatieon and
observations if the Y in the fMe is present as relatively large
vell-separsted T.rich soc&'d phases as s9ABested by No00a and 3ta.sa.

3idative of C*O.-costod Hi

When CeO, is applied as a thin costing on Ni it greatly reduces the
rate of subsequent Ni oxidation at temperaturos below about 1100C. This
system has been studied in comaiderable detail by Chadwick and
Taylor (30-32) and. ease recently by Moom (33). The CaO in these studies
was applied to the Mi surface as a sol coating corresponding to a CeO layer
approximately 0.1 m in thicLness. The parabolic rate constant for NI0
growth it reduced considerably ivy this treatment as illustrated in Fig. 7.
At 7000C the rate is decreased by almost two orders of magnitude. The
mature microstructure of the resulting composite film Is illustrated
sch".tictlly In Fif. 8. It consists of three distinct layers. The
outermost columnar 'ayet ir almost pure NIO with a grain sine similar tD
that oi an undoped NiO film of the sam thickness. Chadwick and Taylor (30)
were mble to detect some Ce at grain boundaries in tWie outer layer by SIS.
the innermost later is similar to the outermost layer, but not as thick.
The middle lcyer is a fino-Srained, two phase mixture of MAO and NOV2 .

T(°C)
1200 100 8O0 700 GW

, A. Ni: Expt.and gb

S*.,

' Ni-Lattice_• '
e,.-12 Diffusion ", • "
= I only ' '

Experiment
-1 - .- Cnated Nickel

-eLkicootedl Nickel,
tNs work

"----aAtkinson et al (1982)

A.-.4 Lattice Dffusion oly _

5 6 7 8 9 10 11 12
10'/T (K-')

Figure 7 - The parabolic rate constant for the oxidation of CeO -coated Ni
cor,,•sred wich thit of pure Ni and that expected for NIO grouth ýIint
controlled by lattice diffusion of Ni (30).



Outer columnar MIO

ae' * .0 -s MAddl fi e-grakud NiO. CeO

inner equiaxed MiO

FigarO I -Schematic dieya.s showing the mture microstructusr of the said*
feamei by ouidat Lea of Ces-.eated NI.

At first It was tl ot that the oxidation rate was controlled by the

=utor layer @&A that the Co present em grain boundaries In the outer layer
eereducing grain boundary diffusion. lowever . the tracer diff usion

coefficient of Ni In those boundaries was found to be the seme as to undoped
NiO boudaries (Section 2.3). Furthermore, Chadwick and Taylor (31) showed
conclusively (by an esperienat is which a taper section through the film vs
roe-.idised) that It is io fact the middle., two-Pbase layer which controls
the rao~ of oxidation. (Ibis obeervotiew is consistent wit!# t%e diffusion
exprisaent which showd that Ce had no effect or, grain boundary diffucion
In the euter layer.) The rate of esidation cam be accounted for if it is
assumed thet there Is ce grain boundary diffusion within the two phase
layer. Usnes the grain aim in this layer io typically an order of
magni1tude Meatter them in the ether layers, the intferences 1 !&at allt the
grain. boundaries in the middle layer or* Imoperative as fast dii fuson paths.
Chadwick and Taylor (32) also observed that the outer layer had a strong

A~~A1...with 41"12, directiým soarallal to the arowth

direction. This led thee to prapoee that the CoU2 may lead to a
,ovodeminmaae of lew diffusivity botomdaries having 'special' nisorientation.
Detailed s~crostructural analysis of grain bewadary feoesltrios, however,
revealed tiat there was wo significant bias towards spec.al boundaries in
either the middle or outer layers (32).

It now appars that the origiLl hypothesis In which Ce at NLO grain
boundaries blocks grain boundary diffusion may after z*.) be correct. Moon
(33) has catried out a comprehensive microanalytical study of grain
bovedaries In (or near) the middle layer using lMH and has found that
almost all tko boundaries in this region have Ce at their corea (Fig. 9).
The concentration of Ca at the boundaries in the middle layer (assumina 6
I mm) is equivalent to a Ce/Ni ratio of hetwean I and to%. From both the
theoretical modellintg and the observed influence of Cr on NI grain boundary
diffusion. 'this concentration of Ce is expectod to be sufficient to block
grmin boundary diffusion, which in consistent with the oxidation
exper iments.

Ve oset now explain why the Ce on the boundariesý in the outer layer
does set block Wi .4iffesion. there appear to be several contributing
factors. Firi~t, Noon has observed that only about one in four of the
boundaries In the outer layer had detectable Ce in it. Second. tho
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ammsettim .1 Go A&a benaul at domo eatertses ad dom Oils ia
mpsed to be Wly she" X v1 Its mmtafi -Gla (La an. middl laowr)

beemame ad d Ift lW& Wsi iampd diftimiems c eataftmt of Go (14). Third.
ime meemiaaat- - ad Cb at grain boundarie in doe AMa low Ir Ia p hly

then ib te soluiitey lhdt to oq.alliva with Us% bmeame of the

awl &1i71" atUsisn SO Cm I* PI Smereame tan eidatima rate
Lourdug a b-*oed NO film (34,55). This i usually interpreted an being
the remits ad Or-dopil Imreemslug the NA vsmmy emameerastim s L MO and
beem the MA dittmim eeeftiletet. A4 se~mprturm Asv aheet iiWOC,
where imitmes difflutim dosimbae mbs a dot"a effect ia indeed amiastmee
with doe MA ditfmls dota (71g. 4). bmwevr, at lower Itemprewes, share
graft b~vky d1ttfmii donfntaes do teLIetrPretatAma Is mw~e " tteaght-
Ini-ud fOn we ""OeW. First, the addition of owesa little aso .1% Cr
L@ mtilaiet to Wemm doe nemtiem at a dulex file strumiwe. Smesed,
the difiwlma meqrimeso (fig. 4) indicaet thot Cr dosreaass the
diftwivi*y ad MA in PLO paft boudaries.

Sa motal Iafmrntite amearaLag tr~maport proessese Ac groing film
am w 6"0" y oidation Wain dif ferent msy" Looteps~i

stedmt at Ieui Faoupre the behaviour of 'pure Ni mad Ni-O.l1% Cr
alloy at Moe Ac eqvpa (30). Some typical eavaqie ofjm~
dietuibetimsL in d aside III= moeared by $noaftl2/O aqmta
oxidation are ;~assomed Is fig. 10.

or,,a ' pure mishal am *Mcidled maqueetilel iy 10 foilloed by 1610
dohe havy isotope me IOWA only motim do si&d/;a. interface (Fig. i0.).
Thin is to be expected slame file growth t Wavearing by tbe otward

Imaer of MA throug NO0 and newOKm mitssg f~ derm1 at the eater
seurtlo SOthe film. Therasaisit-tle. it a, is %be raaesoftsh file.

"A iW alm to b mm ase i res gin low U5i!f-oiy~ of oxide lom In both
the MAO iattice mad graft beemairie. (fig. i).

Om. K-.1 Cr alley ems esadiaed under the sem conditions the
reatball rate smtetat ems aboust a fecter of two greater tha& that of

P~rs *lbel Th I3 pretilee th- imo thfilms show that is this case
teistiebsl. ofI y fvry different (Fig. l0b). As In the case of

Ipre MAo, 1 top io ame % acserportod now the aside/Sac Interfae. but
In addition '0 alsom iccrpsrated mar the matelioaid. inaterace. Thus
the film manM-I Cr $rew both by the outward traoepart of HL "Ad by the
lawad trampspat of ea~gus; the oxygen transport occurring by a usehasioe
which allowsm uglIible exchange ot oxygoe with the lattice. This could be
either a direct Interstitial defect mebamilae, or trampart by 0 mol ecules
in puree. The Cr profile ohese that the Cr Ia located only in &ILine r
pert of the lila, which to to be expwtad from the low diffuasvity of Cr in
both the MAO lattice mad grain buindmnieu V4. 3). The areas under the
este aed Lower "00 datr'tbutlea are Lm the sme ratio "a the outer and
Inner aside f ilm thiehemeesam (as detimad by thu Cr distribution).
Tharefere. the LAward anype tromapur't waomtocoempletely for the growth of
the Inner loaer ofth duple fa ile. Siatlar obeervistimam have been reorted
haism dooidation ofmm all@"s (23). 7U toward anyg transport is often
asitributed to Gaygme pS~ac hamdev, diffusion through ths file. Thise is,
hoemmer, wae onpuItd by tdo usyto difftwsm, .masuremamts (Fig. 1) which
ladlmeaf that myg gai pets dery difuiois en Is coveral 1 ode. sOf MagniAtuea
OWe slow to movant for Inard SUMS moveet (it would have to be
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aproimately ovel to do N Stele bounar diffusion coefficent).
Vwetbhue,e this goww wet soplats a Inech ad emy" psmtnteft 9b"40
the tile prow as 'Pure ssobl.- no am% libely if r rt path for sares
toa s % pam molclse ulan f1 looisusa bleh develop only s the Meds on the
cu-OMOINAsM al 1loy. 11mover ova fuhilesmu he"s mews: bass observed
dimisty med me MAi5) bF obsh te- im~ h4e gmeneated Is
"ieartl&" (22,37).

The increased Rdsefi ot. raft tdhe Or-Owtasinis 6 lay O e 4"t s17i
be .uesinlM with she observation thee Or-4optiV tobies tOa dtifusion at
MiIM Rio Nor* badurderios (YU.. 4).- It we mum that tb, is the "ms
lI"" "oweb" its eqil"insl sawlornie to Ric stain boudareso oan that-
the grain aim is about 0.1 pm _" the Cr/%l rotlo Is the grals boudaries
to eatimated to be shIN" 6 a A ff, Whisk should too *articles& to bloak the
bumtaleist is wer, lCc (is2 sbti01,jheio lattlice sad its diffusion
coeffaicient ,, is Veralo*L- IC a at 700.( ig. 3).
Uplqibrito at Cr betube gals, sad psain hoeudey coud thaefrets take as

lef lan 100 s at 70$* oven for 0.1 on States. Thum tie distribution of
Cc hetae States a prain boumdusy is odm bath In the lint layer ot
osadatles film sad in Mae dittusion auerlnats. With @muh emasculastion
It to met feasible to soaeors diroectly the diffusio le sd saldet lea results.

"ohre is much evidence lmeth dimet sad Imdirottý to Iindicate tact
short-wiresut diffusios. partieslarly ale" 4ruis heusiarlam. in aside files
bar a deslasat Influences am OWi'*tLss procsos". Olt intcrmedlste and low

The oaperiseata date for dislocationas State buindery diffusion are
meat extenseive few 310. The data emaer sesl-dittalon (NI sad 0) * Impurity
diffusion (Cos Cr sad CeO sad the Loistuaem me Impuritise (Ca. T sa" Cr).
The diftuesio data are supportetd by the results of stouatilc stm~ustlatos of
State boundaries is M10. ?be stemstiet calculations suosgat a mechanics by

A"C"c T2oi-7 .e2tis eont eM144 -Ofts %0~r les co block prain
boub&*M ilffLOel by traping voaamlss. Diffusion data fee Cr-dsopd No0
support this mechansmi. het tmese for Co- sand T-oe 310 do oat. This way
he due to the leek of control ever the distribution of dopset in the
different spaeimens.

Lattice diffusion is messally found to he too slow by several Orders of
usgetude6 to eatoMt tor Lh- rate af Srowth of slow-Srewisg oxide film.
ThIs has heoes taken to Indicate the dominant influence of chart-s ircuit
diffusion. to the esie of 310 the galas bemedsery dit item essinUTeMatm
Ame that the relevant short-circuit is the outward d~iftuion of NI along
3N0 pal& boundeies.

The Influence ot Y. Ce sand Cr as the rat* of NJ Oxidation I* dot simply
correlated with the influence of these impurities on grain bew~dsry
dittslaso exptrimests. Yale to because the distribution of the impuritiesis Important in bath the MAstieftl sac diffusionsemperisto sand Is eusualy
eat knos.. (Forther complications arloo from the Istleesc* of impurities on
rals elma, sa well as dittusivity. sam the formation ot dupisa file

structures.) The sysetm which hse bass studied meet free the
sMccsstructurel point at vie Is Cso 1-3A0. Nero, micrommalysie hoo shown
that is pact of the tile al 310 bomidaries contain C. at a level which in
expected to M~ck pStin boundary diffusias sad the oxidation experiments are
COmIctot with this hpbosthea. Thus It appars that the blocking
seshmasii Is probably corroct, but thet a large excess of these relatively
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